Using a variety of approaches, we have examined the expression of the heparin/heparan sulfate (Hp/HS) interacting protein/ribosomal protein L29 (HIP/RPL29) in mouse uteri during the estrous cycle and early pregnancy. HIP/RPL29 selectively binds heparin and HS and may promote HS-dependent embryo adhesion. HIP/RPL29 was prominently expressed in both luminal and glandular epithelia under almost all conditions, including the phase of embryo attachment. In contrast, differences were noted in HIP/RPL29 expression in the stromal compartment both during the estrous cycle and during early pregnancy. Most notably, HIP/RPL29 accumulated in decidua, where it displayed a pattern complementary to that of pericellular deposition of the HS proteoglycan, perlecan. HIP/RPL29 protein was detected in implanted embryos at both initial and later stages of implantation; however, embryonic HIP/RPL29 mRNA accumulation was more pronounced at later stages (Day 7.5 postcoitum). In situ hybridization revealed similar spatial changes for HIP/RPL29 mRNA during these different physiological states. Whereas differences in the spatial pattern of HIP/RPL29 protein and mRNA expression were demonstrable, little change was detected in the level of HIP/RPL29 mRNA or protein in total endometrial extracts. Mouse blastocysts attached, but did not outgrow, on surfaces coated with recombinant murine HIP/RPL29. Surprisingly, soluble glycosaminoglycans including heparin, low molecular weight heparin, or chondroitin sulfate were not able to inhibit embryo attachment to HIP/RPL29-coated surfaces. These latter observations indicate that embryonic cell surface components other than HS proteoglycans can promote binding to HIP/RPL29 expressed by uterine cells. decidua, early development, female reproductive tract, implantation, uterus
INTRODUCTION
Interactions between heparin/heparan sulfate proteoglycans (HSPGs), located on mammalian cell surfaces or in extracellular matrices, and their respective binding proteins, contribute to a variety of biological processes, including cell adhesion, cytokine/growth factor action, viral pathogenicity, and modulation of blood coagulation [1] . In addition, multiple lines of evidence suggest that HSPGs and HSPG-binding proteins par-ticipate in one or more aspects of embryo implantation. These include the increased expression of HSPGs and the mRNA encoding their core proteins during the acquisition of attachment competence by embryos [2] [3] [4] [5] , the inhibition of blastocyst attachment in vitro by heparin (Hp)-or heparan sulfate (HS)-degrading enzymes or by inhibition of HS synthesis [2, 3] . Acquisition of attachment competence by murine blastocysts in vitro is accompanied by expression of the HSPG, perlecan, at the external surface of trophectoderm [5] , and HSPGs and certain HSPG-binding proteins display a complementary pattern of expression at implantation sites and the fetal-maternal interface [6] [7] [8] . Nonetheless, recent studies of perlecan-null mice do not indicate an implantation defect, suggesting functional redundancy in the HS core proteins in this regard [9, 10] . In order for HSPGs to interact with uterine epithelia during the initial stage of implantation, the epithelia must express HSPG binding sites. Consistent with this are the observations that heparin-binding epidermal growth factor (EGF)-like growth factor is induced at murine implantation sites, supports embryo attachment, and promotes embryonic development in vitro [11] . Other HS-binding proteins also may be involved in aspects of embryo-epithelial interactions.
Both primary cultures of mouse uterine epithelial cells and human uterine cell lines display specific, saturable cell surface Hp/HS-binding sites [12, 13] . Examination of heparin-binding tryptic peptides released from the cell surface of a human uterine adenocarcinoma cell line led to the identification of heparin/HS interacting protein/ribosomal protein L29 (HIP/RPL29) [14] . Both the intact protein and a peptide sequence within HIP/RPL29 recognize cell surface HS expressed by human choriocarcinoma and breast cancer cell lines [15, 16] . HIP/RPL29 or HIP/RPL29 peptides also support HS-dependent attachment of a variety of human cell lines [15] [16] [17] . Furthermore, cell surface expression of HIP/RPL29 has been demonstrated for several human cell lines [7, 15, 18] .
HIP/RPL29 is expressed by luminal and glandular epithelium of the normal cycling human uterus [18] ; however, examination of the potential role for HIP/RPL29 in embryo attachment requires the use of an animal model. The murine orthologue to human HIP/RPL29 was recently identified and characterized [19] . Murine HIP/RPL29 is differentially expressed in a variety of adult tissues and cell types, including uterine epithelium and, similar to its human orthologue, murine HIP/RPL29 binds heparin and HS with high affinity and selectivity [19] . Nevertheless, no information is available regarding the expression of HIP/RPL29 during the estrous cycle or early pregnancy in mice, nor is it clear whether HIP/RPL29 can interact directly with peri-implantation-stage mouse blastocysts. The present study examines the expression of HIP/RPL29 in the mouse uterus during the estrous cycle and early pregnancy. We demonstrate that mouse blastocysts adhere strongly to HIP/RPL29. This in- teraction is, surprisingly, not inhibited by soluble glycosaminoglycans, suggesting that cell surface components in addition to proteoglycans can bind to HIP/RPL29.
MATERIALS AND METHODS

Peptide Synthesis and Antibody Generation
A synthetic peptide corresponding to murine HIP/RPL29 amino acids 117-131 (CQPKPKVQTKAGAKA) was synthesized, conjugated to maleimide-activated keyhole limpet hemocyanin, and used for rabbit immunization as described previously [19] . Polyclonal antibodies were purified on affinity resin prepared using the same synthetic peptide linked to maleimide-activated BSA and conjugated to cyanogen bromide-activated Sepharose (Sigma, St. Louis, MO) using a modification of the manufacturer's protocol (Imject kit; Pierce, Rockford, IL). In order to protect the heparin-binding site during the conjugation step, the peptide-BSA (1 mg relative to the peptide) was preincubated with acetylated heparin (1 mg). Both bound and unbound acetylated heparin were removed by a 1 M NaCl rinse after conjugation.
Immunohistochemistry
CF-1 virgin female mice were staged by vaginal smear or mated and killed on the indicated day of the estrous cycle or gestation, respectively. Day 1 of gestation was determined by the presence of a vaginal plug. Day 4.5 (day of implantation) was confirmed by examining flushings of one uterine horn for the presence of hatched blastocysts. Uterine horns were frozen in OCT (Miles, Elkhart, IN) and 6-m sections prepared on a Reichert Jung cryostat. Sections were fixed in 100% methanol for 10 min at room temperature, rehydrated in PBS for 15 min at room temperature, and incubated with primary antibody for 1 h at 37ЊC. After three rinses in PBS, sections were incubated for 40 min at 37ЊC with fluorescein isothiocyanate-conjugated donkey anti-rabbit immunoglobulin G (IgG; Amersham Pharmacia Biotech, Piscataway, NJ) diluted 1:10 in PBS, followed by three rinses in PBS. Affinity-purified antibody generated against peptide sequence CQPKPKVQTKAGAKA was used at a concentration of 0.05 mg/ml. Staining controls included deletion of primary antibody and a peptide preadsorption of primary antibody. In the latter case, the reactive sulfhydral group on the terminal cysteine of the peptide was quenched with 5 mM N-ethylmaleimide prior to incubation with the antibody.
For double staining, sections were coincubated with anti-HIP/RPL29 (peptide) and rat monoclonal antibody, MAB 1948, recognizing perlecan core protein (Chemicon, Temecula, CA) used at a 1:20 dilution. The procedure was as described above. Subsequently, sections were incubated with a combination of fluorescein isothiocyanate-conjugated donkey anti-rabbit IgG and rhodamine conjugated affinipure F(abN) 2 fragment donkey anti-rat IgG (Jackson Immunoresearch Lab, Inc., West Grove, PA) diluted 1:10 and 1:20, respectively. Desmin was detected with a polyclonal rabbit antibody (Sigma) used at a 1-50 working dilution.
SDS-PAGE and Western Blotting
Uterine epithelium and stroma were isolated as previously described [20] . Where indicated, whole endometrium was separated from myometrium by scraping the longitudinally opened uterine horn with a scalpel blade. Cell pellets and endometrial scrapings were solubilized in sample extraction buffer: 8 M urea, 1% (w/v) SDS, 50 mM Tris pH 7.0, 1% (v/v) ␤-mercaptoethanol, and 0.01% (w/v) phenylmethylsulfonyl fluoride. Solubilized samples were concentrated by precipitation in 10% (w/v) trichoracetic acid at 4ЊC, rinsed with 10% (w/v) trichloracetic acid and 100% acetone, and air-dried. Samples redissolved in equal volumes of sample extraction buffer and sample buffer [21] were heated for 2 min at 90ЊC and resolved by SDS-PAGE on a 15% (w/v) resolving gel as described [19] . Electrophoresis-grade reagents were obtained from Bio-Rad (Hercules, CA). Gels were transferred to nitrocellulose membrane at 4ЊC for 5 h at 40 V in a Transblot apparatus (BioRad) in 100 mM Tris base and 100 mM glycine pH 9.2. The transferred blot was processed as described previously [19] . Alternately, the blot was blocked at least 6 h at 
In Situ Hybridization
In situ hybridization was performed as described previously [6, 22] using the full-length murine HIP/RPL29 cod- ing sequence [19] . Sense and antisense 35 S-labeled cRNA probes were generated using appropriate polymerases from cDNAs. Small pieces of tissues were flash-frozen in liquid Histo-Freeze (Fisher Scientific, St. Louis, MO). Frozen sections (11 m) were mounted onto poly-L-lysine-coated slides, fixed in cold 4% paraformaldehyde solution in PBS, acetylated, and hybridized at 45ЊC for 4 h in hybridization buffer containing the 35 S-labeled antisense cRNA probes. After hybridization, the sections were incubated with ribonuclease A (RNAase A, 20 g/ml) at 37ЊC for 20 min. RNAase A-resistant hybrids were detected by autoradiography using Kodak NTB-2 liquid emulsion (Eastman Kodak, Rochester, NY). Sections hybridized with sense probes served as negative controls.
Northern Blotting
Total RNA was extracted from whole uteri pooled from 7 to 10 mice on the indicated days of pregnancy by a mod- ified guanidine thiocyanate procedure [6] . RNA (7 g) was denatured, separated by formaldehyde-agarose gel electrophoresis, and transferred to nylon membranes. RNA was cross-linked to the membranes by UV irradiation (Spectrolinker, XL-1500; Spectronics Corp., Westbury, NY) and the blots were prehybridized, hybridized, and washed as previously described [6] . 32 P-Labeled cRNA probes specific for murine HIP/RPL29 and rpL7 transcripts as described [23] were generated. The hybrids were detected by autoradiography.
Blastocyst Binding to Recombinant Mouse HIP
Recombinant murine HIP/RPL29 with an added N-terminal 27 amino acid sequence containing an oligo-histidine motif was expressed and purified on Talon affinity resin (Clontech, Palo Alto, CA) as described previously [19] with the following modifications to improve yield and recovery: addition of four freeze/thaw cycles at Ϫ80ЊC prior to sonication and preblocking of both the cobalt resin and heparin agarose with nontransformed bacterial extract lacking HIP/ RPL29.
For blastocyst-binding assays, virgin 6-wk-old CF-1 females were superovulated. Blastocysts were flushed on Day 4.5 of pregnancy as previously described [5] . Hatched, expanded blastocysts were maintained in 0.1% (w/v) BSA in CMRL 1066, 100 U/ml penicillin, 100 g streptomycin, 0.25 g/ml fungizone (binding medium; components from Gibco BRL, Grand Island, NY) on CM culture dish inserts (Millipore; Bedford, MA) at 37ЊC in a humidified atmosphere of 5% (v/v) CO 2 :air while the wells were being prepared for the binding assay. All procedures using mice were approved by the Institutional Animal Care and Use Committee.
Nickel chelate-coated Reacti Strips (Pierce) in a 96-well format that had been blocked by the manufacturer were coated for 3 h at 4ЊC on a shaker with 50 l of the indicated solution per well. Wells were then rinsed three times with 200 l of unsupplemented medium per well. Each well was filled with 200 l of binding medium and 2-3 blastocysts were added per well. During incubation at 37ЊC in 5% (v/v) CO 2 :air, adhesion was monitored by gently blowing a stream of medium against the blastocyst using a mouthcontrolled pipette with a bore slightly larger than the blastocyst while observing under phase contrast at low magnification [24] . Attachment was scored as no movement in response to this procedure. Control coatings included polyhistidine (1 mg/ml in PBS) and bacterial extract lacking HIP/RPL29. Recombinant HIP/RPL29 was bound to well surfaces either from bacterial extract or after purification. HIP/RPL29 binding to Reacti Strip wells was monitored by ELISA using antibody recognizing HIP/RPL29 peptide.
In competition assays, coated wells were preincubated with either heparin (1 mg/ml) or chondroitin-6-sulfate (l mg/ml) for 30 min at 37ЊC in medium before addition of embryos. Competitors remained during the period of blastocyst adhesion.
RESULTS
HIP/RPL29 Expression During the Estrous Cycle
An affinity-purified antibody generated against a synthetic peptide sequence designed from the predicted amino acid sequence of murine HIP/RPL29 [19] was used to detect HIP/RPL29 in frozen sections of mouse uteri obtained at various stages of the estrous cycle. As shown in Figure  1 , this antibody detected expression throughout the cell in epithelia as well as what appeared to be nuclear staining in the underlying stroma (Fig. 1a) . Preabsorption of the antibody with the peptide antigen reduced staining to a similar background level as observed when primary antibody was omitted (Fig. 1, b and c, respectively) . Western blotting was performed as a further test of antibody specificity. Although the predicted molecular weight based on amino acid sequence is 17 600, both mouse and human HIP/RPL29 consistently migrate at 24 000 M r in SDS gel electrophoresis as has been observed for other highly basic proteins [18, 19] . In isolated uterine epithelia, obtained at either estrus or diestrus (Fig. 2, lanes 1 and 3) the antibody displayed specific reactivity with a doublet at 24 000 and 22 000 M r ; however, even though the antibody appeared to react specifically with nuclear components in the stroma, minimal reactivity was detected in stroma isolated from estrus (Fig.  2, lane 2) . Increased stromal reactivity was observed in extracts from diestrus, Day 4.5 of pregnancy, and Day 10 decidua. Thus, HIP/RPL29 appeared to be constitutively expressed in epithelia, but varied in stroma during the estrous cycle. Further immunohistological examination of HIP/RPL29 expression during the estrous cycle revealed that this protein was expressed in epithelia at all times (Fig.  3) . When isolated epithelia from each stage of the cycle were analyzed by Western blotting, densitometric analysis of HIP/RPL29 expression relative to a constant amount of total cell protein supported the immunohistological results with an average decrease of 35% from estrus to diestrus epithelium (data not shown). In contrast, densitometric analysis of HIP/RPL29 expression in isolated stroma showed an average 7.8-fold increase from estrus to diestrus for a constant amount of total cell protein.
HIP/RPL29 Expression During Early Pregnancy
Several approaches were used to examine uterine HIP/ RPL29 expression during early pregnancy. Western blot analyses of total protein extracted from scraped total endometrium from Days 1 through 7 of pregnancy revealed Red signals are sites of mRNA and green signal is due to hematoxylin and eosin counterstaining. In c, stroma (s), luminal epithelium (le), glandular epithelium (ge), and myometrium (myo) are designated. Panels e-h indicate locations of the blastocyst (bl), embryo (em), primary decidual zone (pdz), secondary decidual zone (sdz), and the mesometrial (m) and antimesometrial (am) aspects. Original magnification ϫ40 (a-e) and ϫ20 (fh).
specific reactivity with a single band of the expected size (i.e., 24 000 M r , in all cases; Fig. 4 ). Densitometric analysis of the Western blot in Figure 4 revealed no change in relative HIP/RPL29 expression greater than a 20% decrease on Day 5 and a twofold increase by Day 7. Immunohistology was used to localize HIP/RPL29 protein in frozen sections. HIP/RPL29 was detected in both epithelium and proximal stroma from Days 1-4, similar to the pattern described at Day 4.5 (data not shown). Inspection of implantation sites revealed persistent epithelial expression of HIP/ L29 as well as elevated expression in primary and secondary decidua through Day 7.5 (Fig. 5) . In addition, troph- ectoderm of peri-implantation-stage blastocysts displayed comparable HIP/RPL29 expression as surrounding cells at Day 4.5 (Fig. 5b) . Embryonic HIP/RPL29 expression extended throughout the embryo at Day 7.5 (Fig. 5e) . Nevertheless, we were unable to demonstrate cell surface expression of HIP/RPL29 in attachment competent blastocysts, suggesting that this protein predominantly participates in intracellular functions at this stage (data not shown). A more intense HIP/RPL29 accumulation surrounded the implanted embryo at day 7.5 ( Fig. 5e ). An accumulation of mRNA in a similar region of the embryo was detected by in situ hybridization (see Fig. 9h ). Crossreactive staining was found in stromal nuclei during the peri-implantation period, similar to that seen in cycling stroma. Staining in the postimplantation period revealed enhanced reactivity with HIP/RPL29 antibodies throughout cytoplasm and nuclei in the decidua of both primary and secondary zones (Fig. 5) . Examination of antimesometrial decidua stained with antibodies to both HIP/RPL29 (green) and a potential HIP/RPL29 ligand, perlecan ( [25] ; red) revealed a strong cellular expression of HIP/RPL29 and complementary pericellular staining of perlecan at both Days 5.5 and 7.5 (Fig. 6, a and b, respectively) . Thus, HIP/ RPL29 and a potential ligand were expressed at appropriate sites for interaction in vivo if a portion of HIP/RPL29 expressed in decidua is located at the cell surface. Through Day 8 of pregnancy, expression of HIP/L29 was of equal intensity in antimesometrial and mesometrial decidua. By Day 10, the developing differences in cellular morphology, physiological characterization, and protein production [26] were reflected by HIP/RPL29 expression in the two decidual regions (Fig. 7) . Expression of HIP/RPL29 in antimesometrial decidua (Fig. 7, c and e) appeared more intense and extended throughout the cell while expression in mesometrial decidua (Fig. 7, d and f) appeared restricted to the nucleus. A similar difference in relative intensity was evident for desmin (Fig. 7, a and b) , the intermediate filament protein that distinguishes decidua from nondecidualized stroma in rodent [27] . In contrast, perlecan expression was most intense in the basal lamina associated with vascular elements of mesometrial decidua (Fig. 7f) , although a region of intense expression was associated with decidual cells immediately proximal to antimesometrial trophoblast giant cells (Fig. 7e) .
HIP/RPL29 expression in uterine tissue compartments during early pregnancy also was confirmed by Northern blotting and in situ hybridization. Northern blot analyses indicated that HIP/RPL29 mRNA with an approximate size of 1.2 kilobase was detected in total uterine RNA extracts throughout pregnancy and at similar relative levels when compared with mRNA encoding ribosomal protein, rpL7, used as a loading control (Fig. 8) . As shown in Figure 9 , in situ hybridization of uterine longitudinal sections revealed specific hybridization primarily with epithelial components from Days 1-3 with some expression found in stroma in association with epithelia (Fig. 9, a-c) . Similar to the immunohistochemical results, little or no signal was detected in myometrium at any point. At Day 4, hybridization began to be detected in stroma at a level comparable to the epithelium (Fig. 9d) . On Day 5, strong hybridization was detected in the developing decidua surrounding the implantation site; however, stroma away from the implantation site displayed hybridization close to background levels, while epithelia at these distal sites again displayed strong hybridization (Fig. 9e) . By Day 6 of pregnancy (Fig. 9f) , strong hybridization was detected in both primary and secondary decidual zones at both the mesometrial and antimesometrial aspects of the endometrium. The decidual signal persisted through Days 7 and 8 of pregnancy (Fig. 9 , g and h, respectively). Furthermore, a strong signal was detected in embryonic tissues at Day 7 and 8, similar to the pattern of accumulation of HIP/RPL29 protein observed in embryos at this time (Fig. 5e) .
Blastocyst Adhesion to Recombinant Murine HIP/RPL29
The ability of recombinant murine HIP/RPL29 to support blastocyst attachment was examined by a solid phase assay in which recombinant murine HIP/RPL29 containing an N-terminal oligohistidine sequence was anchored to a nickel chelate-coated solid support by the N-terminal oligohistidine sequence. Previous studies demonstrate that this recombinant protein retains the properties of native HIP/ RPL29 and that the oligohistidine sequence does not participate in heparin/HS-binding [19, 28] . Blastocysts were harvested at Day 4.5 of gestation when approximately 80% were hatched from the zona pellucida. In vivo the blastocysts acquire attachment competence shortly after hatching and attach within a few hours. These blastocysts were used to determine whether HIP/RPL29 could support embryo attachment in vitro.
Attachment-competent blastocysts incubated on recombinant HIP/RPL29 attached within 6-12 h. As shown in Figure 10 , blastocysts attached to HIP/RPL29-coated surfaces did so by assuming a position where the inner cell mass was oriented to one end, indicating an attachment via the mural trophectoderm. Tight adhesion, characterized by no movement when subjected to a gentle stream of medium, followed within 24 h. During the transition from loose to tight adhesion, the blastocyst usually collapsed. During the subsequent 48 h, the trophectoderm dissociated, with individual cells migrating away from the inner cell mass, which remained intact (Fig. 10b) . Cells remained rounded during the attachment and dissociation phases. Characteristic outgrowth (see Fig. 10c , for example) accompanied by cell flattening and spreading was not observed in these cultures. On control surfaces a transient loose adhesion was observed for 20%-30% of embryos. By 24 h of culture, all controls were again unattached. Their retention of attachment competence and viability was tested at 72 h of culture when all unattached embryos were transferred to uncoated tissue culture plastic in the presence of serum. One hundred percent of unattached embryos attached within 2 h and displayed characteristic spreading and outgrowth within 6 h.
In other instances, cell attachment to HIP/RPL29 and HIP/RPL29 peptides has been shown to be HS-dependent [7, 15, 16] ; however, blastocyst attachment to recombinant HIP/RPL29 was HS-independent (Table 1) . Blastocysts did not attach to surfaces coated with polyhistidine or extracts of bacteria transformed with an empty histidine-tagged vector. Blastocysts also failed to attach to surfaces coated with HIP/RPL29-expressing bacterial extracts preabsorbed with HIP/RPL29 antibodies (data not shown). Preincubation of HIP/RPL29 with 1 mg/ml of a heparin preparation, which had previously been demonstrated to inhibit binding of 3 HHp to recombinant murine HIP/RPL29 by Ͼ95% in a solidphase assay, did not inhibit subsequent adhesion of blastocysts. In addition, neither low molecular weight heparin (1 mg/ml) nor chondroitin-6-sulfate (1 mg/ml) were able to inhibit blastocyst attachment to recombinant HIP/RPL29. Embryos failed to attach to surfaces to which only the oligohistidine sequence was attached. Thus, this biological activity was associated with HIP/RPL29 itself rather than the oligohistidine sequence. It was concluded that murine HIP/ RPL29 was capable of supporting embryo attachment, apparently via a novel (i.e., HS-independent) interaction with embryonic cell surface components.
DISCUSSION
Similar to the pattern of expression observed in the human uterus during the menstrual cycle [18] , murine HIP/ RPL29 persisted in uteri throughout the estrous cycle. HIP/ RPL29 also is believed to function as a ribosome-associated protein [29] . Nonetheless, HIP/RPL29 is not expressed significantly by all cells of adult tissues, suggesting an accessory, rather than essential, role in ribosomal function [14, 19] . Furthermore, HIP/RPL29 expression appears to be restricted to individual cell types within a tissue, as is the case in the uterus. In various human cell lines, HIP/RPL29 is found at the cell surface [7, 14, 15] . In the present study, the most intense expression of HIP/RPL29 occurred in epithelia during proestrus, the stage of epithelial proliferation. The subcellular distribution of HIP/RPL29 protein at this stage, while not excluding a cell surface expression, would indicate that HIP/RPL29 is predominantly intracellular because intense staining was evident throughout the cell. This distribution pattern and the increased intensity of signal displayed in epithelium at a stage of the cycle requiring increased protein synthesis to support cell growth is consistent with a primary role for HIP/RPL29 in translation. Likewise, increased HIP/RPL29 mRNA and protein were detected in uterine stromal cells undergoing decidualization, a process involving proliferation, cellular growth, and differentiation [30] . HIP/RPL29 also accumulates in predecidual cells of the human uterus during the late stages of the menstrual cycle [18] . In this case, the protein is distributed throughout the cytoplasm and nucleus.
Expression of HIP/RPL29 in adult tissues seems to correlate with a regenerative potential retained beyond embryonic development. The limited and variable distribution of HIP/RPL29 in adult tissues, including the uterus, may be related to properties that distinguish HIP/RPL29 from the general group of constitutively expressed essential ribosomal proteins. HIP/RPL29 was found to be differentially monomethylated at Lys 4 in liver, brain, and thymus, suggesting a distinct regulatory role for HIP/RPL29 methylation [31] .
While the expression pattern of HIP/RPL29 in uterine cells was consistent with a primary role in translation, potential participation in the implantation process relates to the secondary function of HIP/RPL29 as an HP/HS-binding protein. For HIP/RPL29 to participate in one or more implantation processes as a binding partner of HSPGs, it would have to be capable of interacting with either HS chains or the protein core. We have previously demonstrated that perlecan is capable of HS-dependent binding to a human HIP/RPL29 peptide [7] . Furthermore, both intact HIP and HIP peptides bind heparin and HS with high affinity and selectivity [13, [16] [17] [18] . Nonetheless, antibodies directed at particular HS-binding motifs within HIP/RPL29 compete for no more than 50% of 3 H-Hp binding [17] . Additional studies indicate that almost all the HIP/RPL29 protein participates in HS binding [28] . Therefore, multiple motifs within the protein appear to be involved. Although mouse HIP/RPL29 demonstrates selective and high-affinity binding of heparin and HS [19] , these proteins diverge in sequence in the C-terminal region, which contains a particularly strong and selective HS-binding motif in the human protein [16, 32] . An Hp/HS-binding function has not been established for the C-terminal region of murine HIP/ RPL29. Furthermore, it was predicted that the presence of prolines in the C-terminal is likely to disrupt any alphahelical structures that bind Hp, and that additional domains within murine HIP/RPL29 were responsible for its Hp binding activity [19] .
For HIP/RPL29 to participate in embryo attachment during implantation, HIP/RPL29 expression must occur in the luminal uterine epithelia during the receptive phase of the uterus. This phase occurs shortly after hatching of the blastocyst from the zona pellucida, at which time the surfaces of trophectoderm and uterine epithelium are brought to-gether through closure of the uterine lumen [33] . HIP/ RPL29 is expressed by uterine luminal epithelia throughout the preimplantation and peri-implantation stages and is present at blastocyst implantation sites. Loss of apically disposed mucins that occurs during this time may create access to HIP/RPL29 and other HS-binding proteins (e.g., amphiregulin and heparin-binding EGF-like growth factor [6, 23] ). Nevertheless, while HIP/RPL29 is expressed by uterine epithelia at the site of embryo attachment and is capable of promoting embryo attachment in vitro, it does not appear that HIP/RPL29 is expressed at the cell surface in the mouse. Using multiple approaches, we have been unable to detect significant cell surface HIP/RPL29 expression on either mouse uterine epithelial cells in primary culture or normal murine mammary gland cells (NMuMG; unpublished results). It is possible that the high level of mucin glycoprotein expression by these cells impairs access to cell surface HIP/RPL29 [34, 35] ; however, based on our immunohistochemical results, it seems likely that the vast majority of HIP/RPL29 in mouse uterine epithelia is intracellular. This is in contrast to various human epithelial cells and cell lines that display cell surface HIP/RPL29 [7, 15, 18] . Nevertheless, studies of HIP/RPL29 functions in the context of mouse embryo attachment may provide useful insights regarding this protein's role in human implantation. Moreover, HIP/RPL29 may promote implantation-related events in mice because the embryo may itself trigger HIP/ RPL29 release in the locale of the embryo. Triggered or alternate protein export systems have been proposed for another HS-binding protein lacking a signal sequence, fibroblast growth factor-2 [36] . Moreover, there are multiple examples of embryos triggering local responses in uterine tissues [23, 33, 37] . In addition to promoting embryo attachment, it is possible that HIP/RPL29 may have growthregulating activities either by displacing HS-bound growth factors or by having growth factor activity itself. These possibilities currently are being considered in our laboratory.
The most surprising finding in the current study is that HIP/RPL29 supports embryo attachment in an HS-independent manner. Prior to this report all other extracellular activities associated with HIP/RPL29 have been shown to be HS-dependent. In this regard, it is noteworthy that membrane-associated HIP/RPL29, in both mouse and human cell lines, is not extractable by either soluble heparin or heparinase digestion. In contrast, salt efficiently solubilizes HIP/RPL29 from membrane preparations [18, 19] . Thus, it appears that non-HS-bearing molecules participate in HIP/ RPL29 retention on membranes. It will be important to identify these novel HIP/RPL29-binding components to fully understand HIP/RPL29 interactions at cell surfaces and other membrane compartments.
